Vertical profiles of polychlorinated dioxins and microbial biomass including "Dehalococcoides" populations in cores of sediment of Lake Suwa, Japan, were investigated. The core samples were analyzed in 3-cm intervals at 0-15 cm and 50 cm, where a sharp gradient of Eh from 5 to −110 mV with depth occurred. The concentration of polychlorinated dioxins was relatively constant at 0-15 cm, ranging from 7.6 to 8.3 ng (7.0-9.2 pg-TEQ [toxic equivalent]) g −1 dry wt, but decreased sharply at 50 cm. The total bacterial count was in the order of 10 8 to 10 9 g −1 dry wt, being highest at 3-6 cm and decreasing in the deeper sediment. A similar vertical profile was found for respiratory quinones with larger amounts of ubiquinones than menaquinones at 0-15 cm. Quantitative real-time PCR with a specific primer set showed that "Dehalococcoides" and its phylogenetic relatives occurred in the order of 10 4 g −1 (dry wt) at 0-12 cm but were absent at 50 cm. The amplified clones showed 91-100% similarity (mostly <94%) in sequence to a well-known dioxin-dechlorinating organism, "Dehalococcoides" sp. strain CBDB1. These results suggested that the surface sediment up to a depth of 12 cm provided favorable conditions for the growth and activity of both aerobic and anaerobic microorganisms including "Dehalococcoides". It is likely that a wide variety of "Dehalococcoides" and phylogenetic relatives thereof are omnipresent even in sediment with low levels of dioxins and play the primary role in dechlorinating organohalorides over a relatively wide range of Eh.
Polychlorinated dibenzo-p-dioxins/dibenzofurans (PCDD /Fs) and coplanar polychlorinated biphenyls (co-PCBs) are anthropogenic toxic compounds comprising the socalled dioxin group. Since these chloroaromatics are among the most problematic persistent contaminants, their fate in the environment has been and still is central to environmental pollution research. Lake sediment is one of the most contaminated environmental compartments and has received intensive studies in the world in relation to historical dynamics and deposition of PCDD/Fs 23, 24, 33, 38, 40, 41, 45, 53) . For example, source-sink analyses of PCDD/F congeners in dated sediment of lakes in Japan have revealed that the deposi-tion of PCDD/Fs increased rapidly during the 1960s, peaked in the early 1970s, and then decreased gradually 23, 33) . In these analyses, however, biotic factors possibly affecting dioxin profiles in sediment have generally not been taken into consideration. On the other hand, many investigators have reported that historically present and newly added PCDD/Fs in sediment undergo microbial dechlorination under certain conditions 2, [6] [7] [8] 10, 15, 27, 44, 48, 55) . Therefore, apart from the question of whether biotic factors have significant effects on the quantitative and qualitative distribution of PCDD/Fs in lake sediment, it is important to study the population density and activity of PCDD/F-dechlorinating microorganisms in these contaminated environments.
Recently, the reductive dechlorination of selected PCDD congeners has been found in two strictly anaerobic bacteria designated "Dehalococcoides" sp. strain CBDB1 9) and "Dehalococcoides ethenogenes" strain 195 13) , which were initially reported to dechlorinate chlorobenzene 3) and chloroethene 34) , respectively. These findings not only have expanded fundamental scientific knowledge of the microbial metabolism of organohalorides but also have important implications for the engineered bioremediation of dioxin pollution 1, 19, 37, 51) . The available information provides circumstantial evidence that "Dehalococcoides" species and their phylogenetic relatives reported so far as uncultured dechlorinating bacteria (e.g., bacterium DF-1 35, 52, 54) and bacterium o-17 11) ) comprise a large group of dehalorespiring bacteria within the phylum Chloroflexi. Field and laboratories studies have provided circumstantial evidence that members of the "Dehalococcoides" group are widespread in contaminated environments and are involved in the natural attenuation of dioxins and other organochlorin contaminants 5, 11, 17, 49, 55) . However, little is known about the quantitative and qualitative distribution of the "Dehalococcoides" group in dioxin-contaminated environments including lake sediment.
In the present study, the population density of "Dehalococcoides" and its phylogenetic relatives in lake sediment contaminated with low levels of PCDD/Fs was investigated by using the real-time PCR technique. The relationship between "Dehalococcoides" populations and the level of PCDD/Fs and the biodiversity and possible ecological roles of this group of bacteria are discussed.
Materials and Methods

Sample collection
The sediment of Lake Suwa, Japan (36°03'N, 138°05'E), was studied. Sediment core (0-15 cm and 50 cm depth) samples were collected from the center of the lake (water depth, 6.3 m) on October 21, 2000 and September 13, 2001 . Samples were taken by using a core sampler, and physicochemical parameters were measured as described previously 32) . The samples were kept in an insulated cooler during transportation and used immediately for testing upon return to the laboratory. The core of sediment at 0-15 cm was analyzed in 3-cm intervals. For comparison, PCDD/Fcontaminated farmland soil which had been collected in a previous study 16) and stored at −20°C was used.
Analysis of dioxins
Dioxins were extracted from sediment and soil samples by the Soxhlet method, fractionated by multi-phase column chromatography, and analyzed by high-resolution gas-liq-uid chromatography-mass spectrometry (GC/MS) as described previously 22) . The GC/MS analysis was performed using a Hewlett Packard HP6890 series gas-liquid chromatograph and a JEOL JMS-700 mass spectrometer. The toxicity equivalent (TEQ)-based concentration of PCDD/Fs was calculated based on the toxicity equivalency factors (TEF) for different congeners redefined by van den Berg et al. 47) . In this study, the term PCDD/Fs was used to indicate all of the tetra-to octa-chlorinated congeners. Tetra-, penta-, hexa, hepta-and octa-chlorinated congeners of dibenzo-pdioxins/dibenzofurans were abbreviated TCDD/Fs, PeCDD/ Fs, HxCDD/Fs, HeCDD/Fs and OCDD/F, respectively.
Analysis of quinones
Quinones from sediment samples were extracted with an organic solvent mixture, separated into menaquinone (MKn) (plus phylloquinone [K 1 ]) and ubiquinone (Q-n) fractions by column chromatography, and analyzed by reverse-phase HPLC and photodiode array detection as reported 21, 25) . HPLC and mass spectroscopic detection with atomic pressure chemical ionization were also performed for the identification of plastoquinone (PQ-n) and partially hydrogenated menaquinone species.
Total cell counting
Sediment and soil samples were mixed with 9 volumes of filter-sterilized phosphate-buffered saline (PBS; pH 7.0) and sonicated for 1 min (20 kHz; output power, 50 W). Then, the dispersed samples were diluted with PBS and appropriate dilutions were used for cell counting. Total bacterial counts were measured by epifluorescence microscopy with ethidium bromide (EtBr) or SYBR Green staining as described previously 36, 55) . Stained specimens were observed under an Olympus BX-50 epifluorescence microscope equipped with a Flovel FD-120M digital charge-coupled device camera (Flovel Co., Tokyo, Japan). The number of stained cells was counted using the image analysis program WINROOF (Flovel).
DNA extraction and purification
Bulk DNA was extracted from sediment and soil samples according to the protocol of Yoshida et al. 55) with minor modifications. An aliquot (ca. 5-10 g) of sample was suspended in an equal volume of extraction buffer (pH 7.0) containing 5 mM phosphate, 30 mM ammonium acetate, 4% yeast RNA and 0.1% skim milk. This suspension was sonicated on ice for 20 sec with 2-sec intermittent bursts (20 kHz; output power, 10W). The suspension was treated with lysozyme (10 mg ml −1 ) at 37°C for 30 min with gentle shak-ing and further incubated at 65°C for 30 min in the presence of 2.5% sodium dodecyl sulfate. Then, the sample was subjected to repeated freeze-thaw lysis. The treated sample was centrifuged at 12,600×g for 10 min to save the supernatant. The resultant supernatant was treated with 1% hexadecylmethylammonium bromide to remove humic substances and large debris. Crude DNA was precipitated by adding isopropanol, collected by centrifugation and resuspended in a small volume of TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). The DNA was further purified by standard methods including deprotenization with a chloroformisoamylalcohol mixture and RNase treatment 31) . The DNA solution thus obtained was diluted with TE buffer as needed and used for PCR experiments.
Real-time PCR
Preliminary experiments showed that the PCR assay for direct amplification of "Dehalococcoides" 16S rRNA genes from the sediment DNA had low reproducibility possibly due to the low copy number of the genes present. Therefore, real-time PCR assays for measurement of the population density of the "Dehalococcoides" group (Pdhc) were performed using the nested PCR method as described previously 55) . The "Dehalococcoides" group was designated herein as an assembly of "Dehalococcoides" spp. and their phylogenetic relatives that could be detected with the following PCR primer set. First, total bacterial 16S rRNA genes from the DNA extracted from the sediment or soil were amplified with the bacterial universal primers fD1 (27f) and rP1 (1492r) 50) . PCR products were separated by agarose gel electrophoresis with EtBr staining and purified using a GENECLEAN Spin kit (Bio 101, Vista, USA). Then, nested real-time PCR was performed with the purified PCR products as the template and the "Dehalococcoides"-specific primers DHC793f (5'-GGGAGTATCGACCCTCTCTG-3') and DHC946r (5'-CGTTYCCCTTTCRGTTCACT-3'). Comparative real-time PCR assays were performed with the bacterial universal primers 357f (5'-CCTACGGGAGGCAGCAG-3') and 517r (5'-ATTACCGCGGCTGCTGG-3'). The PCR profile consisted of pre-heating at 95°C for 10 min and 40 cycles of denaturation at 95°C for 15 sec, annealing at 60°C for 10 sec and extension at 72°C for 20 sec. The fluorescence signal was detected at 72°C in each cycle, and a melting curve was obtained by heating the product to 95°C and cooling to 40°C. The reaction was performed using a LightCycler FastStart DNA Master SYBR GREEN I kit (Roche Molecular Biochemicals, Indianapolis, USA) and a LightCycler system (Roche Diagnostics, Mannheim, Germany) accord-ing to the manufacturer's instructions. The copy number of the amplicons was calculated using LightCycler software version 3.5 (Roche Diagnostics).
Clone library construction
PCR products amplified with primers DHC793f and DHC946r were separated by agarose gel electrophoresis and purified using a GENECLEAN Spin kit as described above. Then, the purified DNA fragments were subcloned with a pTBlue Perfectly Blunt cloning kit (Novagen, Madison, USA) according to the manufacturer's instructions. Transformation of Escherichia coli competent cells was carried out according to a standard manual of molecular cloning 42) . Plasmid DNA was isolated and purified using the Wizard Plus Minipreps DNA Purification System (Promega Inc., Madison, USA) according to the manufacturer's instructions.
Sequencing and phylogenetic analysis
Cloned 16S rRNA genes were sequenced using a Dye Terminator Cycle Sequencing kit and an ABI PRISM ® 3100-Avant Genetic Analyzer (Applied Biosystems, Foster City, USA) according to the manufacturer's instructions. Sequence data were compiled by the GENETYX-MAC program (Software Development Co., Tokyo, Japan) and compared with those deposited in databases using the BLAST search system 4) . The multiple alignment of sequences and calculation of the nucleotide substitution rate (Knuc) with Kimura's two-parameter model 29) were performed using the CLUSTAL W program 46) . Distance matrix trees were constructed by the neighbor-joining method 39) , and the topology of the trees was evaluated by bootstrapping with 1,000 resamplings 12) . Alignment positions with gaps were excluded from the calculations.
Database accession numbers for sequences
The 16S rRNA gene sequences determined in this study have been deposited under DDBJ accession numbers AB233277 to AB233289.
Results
General characteristics of sediment
The cores of sediment from Lake Suwa were dark grey in appearance and had black patches of mud even in the surface region, providing circumstantial evidence that sulfate reduction was taking place in all regions of the core. There were no significant differences in physicochemical and biological traits between the sediment cores taken in 2000 and 2001, except that the in situ temperature of the surface sediment at 0 cm was 18.9°C for the former and 19.6°C for the latter.
Vertical profiles of physicochemical parameters and microbial biomass (direct total count and quinone content) in the cores are shown in Table 1 . The pH was relatively constant up to a depth of 50 cm (pH 6.6-6.8). The redox potential E h dropped sharply with depth, ranging from 5 to −80 mV at 0-15 cm and being −110 mV at 50 cm. The total bacterial count was in the order of 10 8 to 10 9 g −1 dry wt, reaching a peak at 3-6 cm and then decreasing gradually with depth. A similar vertical profile was found for quinone content with the photosynthetic quinone PQ-9 being the most abundant component (28-51 mol% of the total content). The total amount of respiratory quinones (ubiquinones plus menaquinones) detected vertically ranged from 0.237 to 2.03 nmol g −1 dry wt. These amounts are estimated to be equivalent to 0.60-5.1×10 9 cells of bacteria on the assumption that 1 nmol of respiratory quinones corresponds to 2.5×10 9 cells of bacteria on average 20) . Thus, the total bacterial population estimated based on quinone content agrees well with that measured directly by epifluorescence microscopy. The high redox-potential quinones, ubiquinones, occurred in larger amounts than the low-potential quinones, menaquinones, at 0-15 cm and were present even at 50 cm. The major components of respiratory quinones were Q-8 and MK-8 in all core regions, accounting for 12-18 mol% and 10-19 mol%, respectively. Partially saturated menaquinones constituted 14-20% of the total menaquinone content. The data on quinone profiles are similar to those recorded previously for sediment of Lake Suwa 21) .
The aforementioned results indicated that the section from 3 to 6 cm provided the most favorable conditions for microbial growth and activity and that aerobic and anaerobic microorganisms might coexist in the sediment core over a wide range of Eh gradients.
Dioxin congener profiles
The samples of sediments collected from of Lake Suwa on October 23, 2000, and September 13, 2001, had almost identical profiles of PCDD/Fs in terms of quantity and quality. Table 2 shows the data obtained with the samples taken in 2000 compared to those obtained with the contaminated soil used as the reference. The concentration of PCDD/Fs in the sediment core was relatively constant at 0-15 cm, ranging from 7.6 to 8.3 ng (16-19 pmol, 7.0-9.2 pg-TEQ) g −1 dry wt, and decreased sharply at 50 cm. This indicates low levels of contamination in the sediment of Lake Suwa in comparison with the environmental standard defined for sediment in Japan (the Ministry of Environment, Japan, http://www.env.go.jp/kijun/dioxin.html). In all sections of the sediment core, OCDD constituted the overwhelming majority of PCDD/Fs, accounting mostly for more than 80% of the total content. Among the 16 congeners to which a TEF value is given, 1,2,3,4,6,7,8-HpCDD contributed most to the TEQ-based concentration (25-52% of the TEQ level). The most toxic congener 2,3,7,8-TCDD and 1,2,3,7,8,9-HxCDF were not detected in any section. In view of these congener-specific profiles compared to the published data 23, 33) , the main source of PCDD/Fs deposited in the sedi- ment might be herbicides used in agricultural fields in the past. However, the amount of OCDD as a percentage of total content was reduced significantly in the section from 50 cm, suggesting that some other sources and/or dechlorination reactions contribute to the change in the congener profile. The total and TEQ-based concentrations of PCDD/Fs in the soil sample used for comparison were 55-and 540-fold higher than those in the sediment core at 0-15 cm on average, respectively. The congener patterns found in the soil are typical of those of PCDD/Fs found as by-products of the combustion process 22) .
PCR detection of "Dehalococcoides"
The rRNA genes of the "Dehalococcoides" group from the sediment samples as well as from the contaminated soil used for comparison were successfully amplified by realtime PCR with primers DHC793f and DHC946r. All PCR products gave single bands of expected size (ca. 0.2 kbp) upon agarose gel electrophoresis (Fig. 1) , indicating a high degree of specificity by the primers used. This was the case in PCR experiments with the bacterial universal primers 357f and 517r (data not shown).
To estimate the total bacterial rRNA gene content and amounts of "Dehalococcoides" rRNA genes, calibration curves (log DNA concentration versus an arbitrarily set cycle threshold value) in real-time PCR assays were made by using serial dilutions of PCR products of the Escherichia coli 16S rRNA gene and a "Dehalococcoides" clone (LSS-DHC12, see Fig. 3 ) 16S rRNA gene of known concentration, respectively. An example of the calibration curves for estimating the copy number of "Dehalococcoides" rRNA genes is shown in Fig. 2 . The proportion of the "Dehalococcoides" rRNA gene to the total bacterial rRNA gene content remained relatively constant and small in the sediment up to a depth of 12 cm ( Table 3 ). The "Dehalococcoides" rRNA genes were found in only trace amounts in the 12-15 cm section and were not detected at 50 cm. The percentage of the "Dehalococcoides" gene to the total bacterial gene content was two-order of magnitude higher in the PCDD/Fcontaminated soil used for comparison. By assuming the copy number of the rRNA operon per genome in "Dehalococcoides" to be 1 30, 43) against an average copy number in bacteria of 3.8 14) , the Pdhc in the sediment up to a depth of 12 cm and the soil was presumed to be in the order of 10 4 and 10 5 cells g −1 (dry wt), respectively.
Clone library analysis
To check whether the PCR products obtained with prim-ers DHC793f and DHC946r were actually derived from the "Dehalococcoides" group, a clone library was constructed using the 16S rRNA genes amplified from the 3-6 cm section, which contained the most microbial biomass. A sequence analysis of 13 clones selected at random showed that these clones had 91-100% similarity to a well-known dixon-dechlorinator, "Dehalococcoides" sp. strain CBDB1. All of the clones detected, designated LSS-DHC12 to LSS-DHC36, were positioned within the "Dehalococcoides" group on a phylogenetic tree ( Fig. 3) . However, the majority of the sediment clones grouped with the uncultured bacteria detected previously in contaminated environments (e.g., uncultured bacteria DF-1 35, 52, 54) and OTU-15 49) ) rather than with the core cluster of culturable "Dehalococcoides" including "D. ethenogenes" strain 195 and "Dehalococcoides" sp. strain CBDB1. This indicates that diverse members of the "Dehalococcoides" group exist and play important roles as potent dechlorinators in low-contaminated sediment.
Discussion
The levels of dioxin contamination in the 0-15 cm section from sediment of Lake Suwa reported herein are low and similar to those recorded independently in the same lake by other investigators 23) and in other eutrophic lakes in Japan 33, 40, 41) . Although the rate of sedimentation in Lake Suwa has been estimated to vary among locations, the aver- age rate based on isotopic data is ca. 1 cm per year 23, 26) . If this rate of sedimentation is taken into account, the PCDD/ Fs deposited at 0-15 cm can be estimated to be due to the inflow of contaminants during 1985-2000. In view of the patterns of PCDD/F congeners with OCDD predominating, the main source of the PCDD/Fs might be paddy field herbicides (pentachlorophenol and chloronitrophen) used in the past 33) . Ikenaka et al. 23) reported similar patterns of PCDD/F congeners in sediment of Lake Suwa with a maximum level occurring at 30-35 cm, which might be derived from the 1970's. To our knowledge, there have been no reports on the quantitative distribution of "Dehalococcoides" in dioxincontaminated environments including low-contaminated lake sediment. Real-time PCR experiments in this study revealed that the P dhc level was in the order of 10 4 g −1 (dry wt) in the sediment at 0-12 cm but was lower than the detectable limit at 50 cm in Lake Suwa. These results suggest that, although their population levels are quite low, members of the "Dehalococcoides" group are widely distributed in sediment with low levels of organochlorines as well as in highly polluted environments. The sediment of Lake Suwa probably contains not only PCDD/Fs but also comparable amounts of other organohalorides such as less chlorinated dioxins, PCBs and aliphatic chlorinated compounds as reported by other investigators 23) . Therefore, one can assume that the availability of terminal electron acceptors usable for dehalorespiration by members of the "Dehalococcoides" group is much greater than that assessed only from the concentration of PCDD/Fs present. The P dhc level in the contaminated soil was one order of magnitude higher in the highly contaminated soil than in the lake sediment. Also, our previous study showed that a highly contaminated river sediment which contained 3 nmol of PCDD/Fs g −1 (dry wt) yielded 10 5 cells of the "Dehalococcoides" group per g of dry weight 55) . Therefore, the P dhc level in dioxin-contaminated environments may depend upon the concentration of PCDD/Fs present.
In this study, we did not measure "Dehalococcoides" populations in the 30-35 cm section, the layer which was reported to contain the maximum level of PCDD/Fs 23) . Therefore, it is difficult to correlate the vertical distribution of the "Dehalococcoides" group with the vertical profiles of PCDD/Fs in the core and to assess the potential for microbial dechlorination of PCDD/Fs depending upon their concentrations. Since similar historical changes in PCDD/F congeners in dated sediment have been found between two lakes having different rates of sedimentation, Lake Shinji Basin 33) and Lake Suwa 23) , any contribution of microbial dechlorination to the quantitative and qualitative changes in PCDD/F profiles in lake sediment may be small. The activity of the "Dehalococcoides" group depends upon the availability of Vertical profiling of total bacterial counts and quinone content in cores of sediment from Lake Suwa showed that the surface sediment up to a depth of 15 cm, especially the 3-6 cm section, provided favorable conditions for the activity and growth of microorganisms, where a sharp gradient of E h ranging from 5 to −80 mV took place. It is likely that such a wide range of E h values in the surface sediment en-able both aerobic and anaerobic microorganisms to maintain their activity. This assumption is supported by the observation that ubiquinone-containing microorganisms occurred at comparable levels to menaquinone-producing ones even in the 12-15 cm section with an Eh of −80 mV. Ubiquinones are present exclusively in strictly and facultatively aerobic bacteria belonging to the limited classes of the phylum Proteobacteria (i.e., "Alpha-", "Beta-" and "Gammaproteobacteria") as well as in eukaryotes 18) . The finding that the "Dehalococcoides" group was detected at 0-15 cm indicates that this group of bacteria can be metabolically active in a wide range of redox states, even under high E h conditions where aerobic microorganisms are able to grow vigorously. Kassenga et al. 28) suggested that reduc- Fig. 3 . Neighbor-joining phylogenetic tree of the uncultured clones of the "Dehalococcoides" group amplified from the 3-6 cm sediment section and their phylogenetic relatives retrieved from the databases. Aquifex pyrophilus was used as the outgroup to root the tree. The clones detected (with LSS) are shown in bold face. Among the sequences of uncultured clones retrieved from the databases, those detected previously in PCDD/F-contaminated environments 55) are marked with an asterisk. Nodes indicating more than 85% and 50-84% of bootstrap values are shown by open and closed circles, respectively. Scale bar=2% corrected substitution rate (K nuc ).
tive dechlorination activity of "Dehalococcoides" can be triggered in anaerobic environments located in close spatial proximity to aerobic environments in treatment wetland systems. The vertical profiles of microorganisms in the sediment of Lake Suwa suggest a close association between the dechlorinating activity of "Dehalococcoides" and the metabolic activity of other microorganisms present. Namely, "Dehalococcoides" organisms seem to retain their activity depending upon the availability of electron donors supplied through the biodegradation of organic nutrients by coexisting microorganisms.
It is worth noting that most of the uncultured "Deahlococcoides" clones detected in the sediment by real-time PCR formed different phylogenetic clusters from the typical "Dehalococcoides" assembly including "D. ethenogenes" strain 195 and "Dehalococcoides" sp. strain CBDB1. This finding suggests that the "Dehalococcoides"-related bacteria different from the culturable members of "Dehalococcoides" actually play important roles in the dechlorination of PCDD/Fs in lake sediment. A wide variety of members of the "Dehalococcoides" group have been detected in PCB-and PCDD/F-dechlorinating microbial communities 49, 55) . It is clearly necessary to elucidate the identity and ecological significance of these "Dehalococcoides"-related bacteria in future studies.
Based on the results of this study, it is our conclusion that "Dehalococcoides" and phylogenetic relatives thereof are widespread in lake sediment even when levels of contamination are low. These anaerobic bacteria may be able to grow with small amounts of PCDD/Fs and other organohalorides as the terminal electron acceptors and to be active over a relatively wide range of Eh. As pointed out previously 7) , microbial dechlorinating activity should be taken into consideration in the source-sink analysis of PCDD/Fs and their natural attenuation, although the contribution of such a biotic factor to changes in the quantitative and qualitative distribution of dioxins may be small.
